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CHAPTER 1

INTRODUCTION

1.1 The Glycerin Glut
The need for biofuels which can be produced from renewable resources such as
plants is steadily on the rise. The biodiesel industry provides a significant volume of
combustible fuel through the transesterification of vegetable oils or animal fats with
alcohol to produce esters [1]. Globally, 36.6 billion liters of biodiesel were produced in
2017 and 41.3 billion liters were produced in 2018 [2, 3]. The United States alone
produced 1.6 billion gallons (6 billion liters) of biodiesel in 2017 and 1.8 billion gallons
(6.8 billion liters) in 2018. [4]. Although biodiesel is an environmentally conscious and
renewable alternative to traditional fossil fuels, its economic viability is of huge concern
[5]. Current processes leave 10% (w/w) of the renewable resource as crude glycerol,
generating 1 kg of crude glycerol for every 10 kg biodiesel produced [5]. Crude glycerol
contains several impurities including methanol, ash, salts, and residual fatty acids which
make purifying the glycerol a difficult and costly process [6]. The accumulation of large
amounts of crude glycerol has led to a phenomenon known as the “glycerin glut” [7]. Due
to this surplus of crude glycerol, the market price of glycerol has dropped, turning crude
glycerol into a financial liability for biodiesel companies [8].
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1.2 A Solution: Clostridium pasteurianum and Biobutanol
Finding a sustainable method of converting crude glycerol into a useful product
would significantly improve the efficiency of biodiesel production and boost its
economic viability. The genus Clostridium has long been a subject of study for glycerol
conversion using ABE fermentation, characterized by the production of acetone, butanol,
and ethanol (ABE) from fermentation of glycerol [9]. Butanol is of particular interest as a
fuel additive because butanol has a higher heat of combustion, better miscibility with
petroleum, and a lower vapor pressure than the traditionally used ethanol, making it a
more efficient fuel additive [10]. Although many species of clostridium have been
investigated, the species Clostridium pasteurianum has several unique advantages over
other members of its genus. Although it does not undergo traditional ABE fermentation,
C. pasteurianum has the unique ability to utilize glycerol as its sole carbon and energy
source and preferentially convert it into butanol [9, 11, 12, 13]. Unlike many other
members of its genus, C. pasteurianum is a non-pathogenic soil bacterium, and as such
presents no risk of infection to those working with it [6, 14]. C. pasteurianum has the
added benefit of being able to tolerate many of the impurities present in crude glycerol,
including methanol and alkaline salts, although its growth is limited by fatty acids [6, 15,
16]. The ability to convert crude glycerol into butanol makes C. pasteurianum the ideal
species to carry out the bioremediation of crude glycerol.
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1.3 Characteristics and Metabolism of Clostridium pasteurianum
C. pasteurianum is a Gram-positive rod-shaped bacterium [14]. This species is
nitrogen-fixing and produces carbon dioxide and hydrogen gas [7, 14]. It is an obligate
anaerobe, requiring an atmosphere free of oxygen to grow and ferment [14]. C.
pasteurianum is an endospore-forming bacterium capable of forming metabolically inert
spores if conditions are unfavorable [14, 17]. While butanol is generally the preferred
fermentation product, C. pasteurianum also produces 1,3-propanediol (1,3-PDO),
ethanol, acetic acid, and butyric acid as fermentation products [11]. The metabolic
pathway of C. pasteurianum is shown in Figure 1.4.1. Fermentation occurs primarily in
two stages: the acidogenic phase and the solventogenic phase [8, 17, 18]. The acidogenic
phase occurs first with the production of butyric acid and acetic acid. The acidogenic
phase results in a characteristic pH drop in the surrounding media to around 4.5. The
lower pH activates the solventogenic phase and exponential growth, and butanol and
ethanol production become the dominant pathways, although butanol is typically favored
over ethanol [6, 17, 19]. All fermentation products, whether from the acidogenic phase or
the solventogenic phase, are toxic to C. pasteurianum. Butanol is especially toxic because
it partitions the phospholipid bilayer of the cell membrane, more so than 1,3-PDO [12,
13, 19]. Solvents including butanol and ethanol also cause thinning of the peptidoglycan
layer [17]. The combination of toxic fermentation products, the need for an anaerobic
environment, and the endospore-forming ability make C. pasteurianum a difficult species
to work with and to keep alive for a long time. Despite these challenges, the capability of
converting glycerol to butanol without the need for additional carbon or energy sources
combined with the species’ preference for butanol as a fermentation product and high
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tolerance for crude glycerol toxicities make C. pasteurianum an ideal species for this
project.

Fig 1.1: The metabolic pathway of glycerol in Clostridia. The dashed lines represent the
electron flow. R1 glycerol dehydratase, R2 PDO dehydrogenase, O1 glycerol dehydrogenase,
O2 dihydroxyacetone kinase, 1 lactate dehydrogenase, 2 pyruvate–ferredoxin oxidoreductase,
3 hydrogenase, 4 acetaldehyde dehydrogenase, 5 ethanol dehydrogenase, 6 thiolase, 7
butyryl-CoA dehydrogenase, 8 butyraldehyde dehydrogenase, 9 butanol dehydrogenase
(adapted from Johnson and Taconi. 2007). The boxed area indicates the solventogenesis
pathway of butanol formation, which is activated at lower pH obtained after the acidogenesis
phase. Figure and description from (Venkataramanan, 2011)
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1.4 Rationale for Continuous Culture
Batch cultures of bacteria undergo traditional exponential growth. The lag phase
begins immediately following inoculation, followed by an exponential growth phase
which ends once carrying capacity is reached. The culture subsequently enters the death
phase and dies off once resources are depleted [20]. Batch cultures are thus insufficient
for useful conversion of glycerol into butanol. Monod Kinetics relating the specific
growth rate (μ) of a microbial culture with the limiting substrate concentration (such as
glycerol) are better observed in continuous culture than in batch culture [21]. Continuous
cultures are achieved by pumping fresh media into a growing broth culture and pumping
the used media out of the culture. This type of microbial culture naturally tends toward a
steady state that allows a high enough specific growth rate to counteract dilution of the
culture by the efflux while the limiting nutrient or substrate is replenished [22]. A steady
state is reached during the exponential growth phase when a constant specific growth rate
is reached [20]. The replenishment of that limiting substrate and other resources in a
continuous culture potentially allows for higher maximum growth rates to be reached by
the culture [21]. Butanol has been shown to be the primary product in continuous culture
at dilution factors above 0.1 h-1 and to continually increase in concentration over time in a
continuous model [11].

1.5 Butanol Extraction Methods
The production of biobutanol in bacterial culture necessitates the development of
a purification method. Unfortunately, isolating butanol from an aqueous solution is
difficult due to the formation of an azeotrope [23]. This butanol-water azeotrope makes
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simple distillation an extremely difficult and costly process [23, 24]. Alternative methods
of distillation have met with greater success. Distillation across a membrane which only
permits vapors to cross and not liquids can circumvent the azeotrope problem. Several
methods of membrane distillation (MD) exist, including direct contact (DCMD), vacuum
(VMD), air gap (AGMD), sweeping gas (SGMD), and osmotic (OMD). Each of these
typically relies on either a flow of inert gas through a column, a vacuum created by a gas
pump, or a temperature differential across the membrane. [24, 25, 26]. Temperaturedependent extraction is incompatible with a live culture because C. pasteurianum thrives
at 37°C. C. pasteurianum is grown in a temperature-controlled environment, making the
introduction of a second temperature within the same space technically challenging and
energetically costly. An inert gas flow or vacuum pump is likewise technically
challenging within an anaerobic chamber.
A more energetically efficient process is to carry out liquid-liquid separation.
Butanol exhibits higher solubility in certain solvents than water and partitions
preferentially into certain solvents avoiding the formation of an azeotrope and allowing
for easier extraction. Long-chain alcohols which are insoluble in water such as decanol
act as good extractant for extracting butanol from water [24, 27, 28]. Previous studies
performed by this lab group determined that oleyl alcohol, another long-chain alcohol, is
a plausible extractant. Several esters have also been tested with limited success [27].
Some researchers have even looked at using petrol and biodiesel components as
extractants [24, 29]. Each of these extractants are effective at extracting butanol from an
aqueous solution and even from a bacterial broth culture. Unfortunately, most of these
components, including oleyl alcohol, are highly toxic and result in the death of the culture
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[24, 27]. Some non-toxic extractants have been tested, including certain lipids and fatty
acids which rely on the ability of butanol to partition into a lipid membrane [30]. The use
of extractants, whether toxic or non-toxic, typically requires the culture to be centrifuged
down before extraction [24, 30]. While liquid-liquid extraction is effective, the direct
addition of an extractant to a culture is generally incompatible with the continuous
culture model because the culture does not survive. While liquid-liquid extraction is
reasonably effective at extracting butanol, a better method must be used in conjunction
with a continuous culture.

1.6 Liquid-based Membrane Extraction of Butanol
Extracting butanol directly from a continuous culture system is desirable for
several reasons. As described in section 1.4, continuous culture allows for constant
indefinite conversion of crude glycerol into butanol without the need to start new cultures
and inoculation. It also has the potential to improve cell growth and product yield. The
dilution of butanol via extraction has been shown to result in better bacterial growth and
higher butanol production due to the in situ removal of butanol from the culture [29].
Liquid-liquid extraction is a moderately effective method of purifying butanol
from aqueous solution but runs into the problem of disrupting or killing the bacteria.
Membrane distillation allows extraction to occur simultaneously with a live culture but
relies on a costly and technically challenging temperature difference or inert gas flow.
Combining the two methods into a liquid-liquid membrane extraction model circumvents
the problems inherent in both methods while maintaining the advantages of each.
Pumping the broth culture through a hollow fiber semi-permeable membrane allows the
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liquid components of the broth to pass across the membrane while retaining bacterial
cells allowing continuous extraction from a live culture. In place of using a temperature
difference or inert gas flow, a liquid phase is pumped along the other side of the
membrane, avoiding the challenges associated with temperature-dependent extraction.
This method would allow uptake of butanol directly from the live culture without any
disruption. Liquid-liquid phase separation can then be used normally on the butanol
extracted from the culture without any direct interaction with the culture. This liquidbased membrane extraction is very similar to pertraction, a method which has been
explored as a possible butanol-extraction method. Pertraction employs two liquid phases
across a membrane to separate a given product, but typically relies on two different
solvents, such as water and oleyl alcohol or water and decane [24]. While this method
combines liquid-liquid phase separation directly with membrane-based extraction, it runs
the risk of contaminating the culture. An aqueous non-toxic solvent would minimize risk
to a continuous culture while maximizing the extraction efficiency.

1.7 Liposome Vesicles as an Extraction Solution
Although membrane-based extraction keeps the bacterial culture separate from
the extraction solution, having a non-toxic extractant is still desirable. While many
different extractants could be used in conjunction with a liquid-based membrane
extraction, vesicles were chosen for this project. Liposome vesicles are formed when
phospholipids are suspended in aqueous solution. The hydrophilic heads orient outwards
while the hydrophobic tails group together to avoid water forming a phospholipid bilayer
very similar to a cell membrane [31]. Butanol partitioning into phospholipid bilayers is
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well studied both in vesicles and in cells [12, 15, 32]. This partitioning is affected by the
liposome composition and solvent identity [32]. For this study, L-α-lecithin soybean
extract was used to form the vesicles due to its low cost and low risk of toxicity [31].
Vesicles, unlike most other extractants previously discussed, do not undergo phase
separation in aqueous solution. Instead, they provide a separate internal aqueous
environment which butanol can diffuse into [31]. Since butanol movement across a semipermeable membrane should be mostly driven by diffusion, adding a third phase for the
butanol to diffuse into might increase the diffusion across the membrane.

1.8 Thesis Statement
Conversion of crude glycerol into butanol needs to be a sustainable long-term
process to be economically feasible and energetically efficient. This thesis explores a
novel method of continuous conversion of crude glycerol into bio-butanol by Clostridium
pasteurianum. A bioreactor design is implemented to determine the effects of continuous
culture on bacterial growth and butanol production, particularly in relation to the
production of other fermentation products. A liquid-based membrane extraction method
is explored to allow for continuous in situ extraction of butanol. L-α-lecithin derived
vesicles are tested as a possible extraction solution and their effect on extraction
efficiency and butanol uptake compared to that of simple de-ionized water. The goal of
this thesis is to determine the viability of a bioreactor which houses a continuous culture
of C. pasteurianum that indefinitely converts crude glycerol into biobutanol combined
with an in situ liquid-based membrane extraction system which provides continuous
extraction of butanol from the reactor.
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CHAPTER 2

METHODS AND MATERIALS

2.1 Bacterial Stock Cultures
Clostridium pasteurianum ATCC 6013 strain was obtained from American Type
Culture Collection. Frozen C. pasteurianum stocks were thawed in a 37°C water bath for
2 minutes and then cultured in glucose media. New stocks were prepared by mixing one
part live culture with one part 20% glycerol in water solution. Stocks were stored in 1.5
mL Eppendorf tubes in a -80°C freezer.

2.2 Solution Composition
Concentrations listed for glucose and glycerol media are given in grams of solute
per liters of deionized water (diH2O), as are yeast extract concentrations. Media
components and vesicle stock solution concentrations are listed as grams of solute per
liters of solution. Any solutions used for bacterial culture were autoclaved in autoclave
bottles at 121°C for 15 minutes before being moved to the anaerobic chamber or
combined with other media components.
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2.2.1 Media Components
Trace metal solution SL7 is composed of 10mL of 25% HCl solution per liter,
1.5g/L FeCl2·4H2O, 190.0 mg/L CoCl2·6H2O, 100.0 mg/L MnCl2·4H2O, 70.0 mg/L
ZnCl2, 62.0 mg/L H3BO3, 36.0 mg/L Na2MoO4·2H2O, 24.0 mg/L NiCl2·6H2O, 17.0
mg/L CuCl2·2H2O. Each component of trace element solution is measured per liter of
total solution. Magnesium sulfate and iron sulfate solution (MgSO4/FeSO4 solution) is
composed of 22g MgSO4 and 0.55g FeSO4 per liter solution. Calcium chloride solution
was prepared by adding 22g CaCO3 to approximately 40 mL concentrated hydrochloric
acid and then bringing the total volume up to 100 mL with diH2O with a final
concentration of 24.4g CaCl2 per liter of solution. In later experiments this protocol was
altered, and the solution prepared directly by dissolving 24.4g CaCl2 in just enough
diH2O to produce 100mL total solution. There was no discernable difference in bacterial
growth between the two methods.

2.2.2 Glucose Media and Glycerol Media
Glucose media and glycerol media are both composed of 3.74 g/L K2HPO4, 1.43
g/L KH2PO4, 2.2 g/L (NH4)2SO4, 1mL MgSO4/FeSO4 solution, and 200 microliters trace
metal solution SL7 per 100mL diH2O. Glucose media also contains 80 g/L dextrose and
is always prepared at 100mL total final volume. The dextrose is measured and added to
50 mL of diH2O while the other components are added to a separate 50 mL. Glycerol
media is prepared at full volume with 25 g/L glycerol added along with the other
components. Glycerol media is prepared at several different total volumes depending on
the experiment. For both glucose and glycerol media, the prepared solutions are
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autoclaved. Following removal from the autoclave, the solutions are sealed and allowed
to cool. Once cool, the solutions are moved into the anaerobic glove box. For glucose
media, the two 50 mL solutions are combined in the glove box. For both glucose and
glycerol media, 0.5 mL of calcium chloride solution are added per 100 mL of media in
the glove box before inoculation.

2.2.3 Media with Yeast Extract
Glucose media and glycerol media containing yeast extract were prepared as
described previously but containing 1.1 g/L yeast extract. Glucose media containing yeast
extract was prepared by adding yeast extract to the 50 mL mixture containing most of the
components, separate from the glucose solution. Yeast extract was added to the same
solution as all other components in glycerol media. Glycerol optimization and volume
optimization batch cultures lacked yeast extract. Batch cultures containing vesicles, batch
cultures used for comparison to continuous culture, and continuous culture fermentations
used both glucose media and glycerol media with yeast extract.

2.2.4 Vesicle Preparation
L-α-Lecithin, CAS: 8002-43-5, was purchased from ACROS Organics. Stock
solutions of vesicle liposome were prepared at concentrations of 25g/L. 1.5g of lecithin
was added to a 500 mL round-bottom flask and then suspended in enough
dichloromethane (DCM) to dissolve the lecithin, typically around 80 mL. A Labconco
rotary evaporator fitted with a coiled condenser column with a solvent collection round
bottom flask was used to evaporate the DCM leaving a liposome film at the bottom of the
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round bottom flask. This film layer was subjected to a gas flow of dry air for 10-15
minutes or until the smell of DCM. The film layer was then hydrated with 55.85 mL of
diH2O bringing the total volume to 60 mL. The flask was placed in a sonic bath and
sonicated until the film layer was completely dissolved in water. The solution was
sonicated another 30 minutes to ensure uniformity in vesicle size. The solution was
transferred to an autoclave bottle and stored in a refrigerator. For experiments involving
live culture this solution was autoclaved before storage.

2.2.5 Media with Vesicles
For batch cultures containing liposome vesicles, the final concentration of
vesicles was set at 2g/L. Two different methods were used to prepare this media. Earlier
liposome batch cultures were prepared by adding stock liposome dilution directly to the
media in the anaerobic chamber to dilute to a final concentration of 2g/L of total solution.
This method diluted the concentration of other components, so another method was
developed. Subsequent media was prepared by diluting the vesicle stock solution to 2g/L
of total solution, and then using that solution in place of diH2O to mix the glycerol media.

2.2.6 Blue Bottle Oxygen Detector
A solution of methylene blue in ethanol was prepared by dissolving 0.05 g
methylene blue in 50mL of pure ethanol. A potassium hydroxide/dextrose
(KOH/dextrose) solution was prepared by dissolving 8 grams of KOH and 10 grams of
dextrose in 300mL diH2O. 5mL of the methylene blue solution was added to the
KOH/Dextrose solution to make the blue bottle oxygen detector solution. When swirled
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in the presence of oxygen, this solution turns from clear to blue. In the absence of
oxygen, there is no color change. This oxygen detector was used periodically to check for
oxygen in the anaerobic glove box throughout the course of this project.

2.3 Fermentation
All fermentations were prepared under anaerobic conditions in a glove box with
atmosphere of a mix of nitrogen and hydrogen gas at 37°C. A pair of palladium catalysts
was used to remove excess oxygen from the air by catalyzing its reaction with hydrogen
gas to produce water. These catalysts were rotated with a second pair weekly and
regenerated in an oven at 125°C. The presence of oxygen was checked for periodically
using the common blue bottle experiment described in section 2.2.6. 100 mL of glucose
media was prepared for each experiment per methods listed under section 2.2. 25-30 mL
of glucose media was transferred into a culture flask, which was continuously shaken. A
frozen 1mL stock of C. pasteurianum was heat shocked for 2 minutes in a hot water bath
at 37°C and immediately transferred into the glove box. This stock was inoculated into
25-30 mL of glucose media and allowed to grow for approximately 24 hours. For batch
culture experiments, 1 mL of glucose culture was transferred into a culture flask
containing 25-30 mL glycerol media. For continuous experiments, 5 mL of glucose
culture was transferred to 500 mL of glycerol media in the bioreactor. Cell growth was
measured using optical density (OD) at 600 nm and fermentation was measured using a
pH meter.
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2.4 Batch Cultures
Batch culture experiments were conducted to establish a baseline of comparison
for butanol production and cell growth as well as to optimize growth conditions for C.
pasteurianum. In each experiment, two 1 mL samples were taken from each culture daily
for analysis. The first sample was analyzed for pH and OD while the second was
analyzed with High Performance Liquid Chromatography (HPLC). HPLC data were used
to determine the concentration of glycerol alongside the five fermentation products over
time. Cultures were monitored until they entered the death phase, usually about 5 days
after inoculation. Batch culture comparisons were drawn between the test cultures with
varied parameters, including glycerol concentration and volume, and at least one control
culture containing glycerol media all inoculated from the same starter glucose culture.
Glycerol concentration for fermentations was based on literature values for media.
To ensure that the concentration of 25 g/L was optimal, batch cultures containing 25 g/L
glycerol were compared to batch cultures containing 50 g/L to determine if a higher
concentration of glycerol would result in a higher amount of butanol production. The
effect of yeast extract on batch culture growth rates was determined by testing batch
cultures of glycerol media both with and without yeast extract present. OD and pH were
used to determine the speed at which cultures grew after inoculation and began
fermentation. In order to determine if a culture would still thrive under a large-scale
continuous fermentation, batch cultures were grown at volumes of 30mL and 1000mL
and monitored in the same manner as before. It should be noted that cultures for glycerol
and volume optimization lacked yeast extract.
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The effects of vesicles on cultures was of special interest since their use in
extracting butanol comprised a large part of this project. To determine if they were toxic
to the bacteria, batch cultures of glycerol media containing 2g/L liposomes were
compared to control cultures in normal glycerol media. To determine if liposomes were
metabolized, three sets of batch cultures were compared: one control with glycerol
media; one with liposomes added to glycerol media for a final concentration of 2g/L
liposome; and one culture with 2g/L liposomes in place of glycerol.

2.5 Continuous Culture
Peristatic pumps were used to regulate the flow of fresh media into the bioreactor
and the flow of media out of the reactor. Fig 2.1. shows the diagram of the reactor setup.
The inlet and outlet pumps were run at the same flow rate to maintain constant volume in
the reactor. 5 mL of glucose culture was used to inoculate the 500mL glycerol media in
the reactor. The culture was allowed to grow for 24 hours before the pumps were started.
Samples were taken just before inoculation and again 24 hours after inoculation. Three
dilution factors were tested sequentially: 0.072 h-1, 0.12 h-1, and 0.18 h-1, which
corresponded to flow rates of 0.6 mL/min, 1.0 mL/min, and 1.5 mL/min, respectively.
These dilution factors were chosen based on literature values and limitations of the
pumps available [11]. Samples were taken from the inlet container, reactor, and waste
container at the calculated 98% turnover time for each dilution factor and again two hours
later. Table 2.1 contains the 98% turnover times and Equations 1, 2, and 3 in the
appendix show the calculations. After 24 hours of growth, the pumps were started at 0.6
mL/min for the first dilution factor. After the second sample for that dilution factor was

16

taken, the pump speed was increased to 1.0 mL/min, and then increased to 1.5 mL/min
after the two samples were taken for that dilution factor. Each sample consisted of 1 mL
for pH and OD analysis, 1mL for HPLC analysis, and in some cases 1mL for qNMR
analysis.
Another continuous culture experiment was run at a constant flow rate of 1.0
mL/min and a single dilution factor of 0.12 h-1. The 500 mL culture was inoculated from
a starter culture and grown for 24 hours before the pumps were started. Flow in and out
of the reactor was maintained at 1.0 mL/min for 36 hours. Samples were taken hourly as
described earlier in this section for the first 10 hours after the pumps had begun, then
again at 24 hours and 36 hours.

Table 2.1: Dilution Factors, Flow Rates, and 98% Turnover Times
Flow rate
0.6 mL/min
1.0 mL/min
1.5 mL/min

DF (specific growth rate)
0.072 h-1
0.12 h-1
0.18 h-1

Figure 2.1 Diagram of the Bioreactor system.
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98% Turnover time
13.6 hours
8.17 hours
5.44 hours

2.6 Butanol Extractions
Extractions were carried out using a hollow fiber membrane. Ten semi-permeable
hollow fibers run through the center of the column. Fluids were run in parallel direction
across both sides of the membrane fibers. As with the continuous culture, peristatic
pumps were used to regulate the flow. The inside of the hollow fibers is referred to in this
study as the “inner tube” while the exterior of the fibers is referred to as the “outer shell”.
Figure 2.2 shows a setup of the extraction with two reservoirs. The experiments listed in
this section were conducted for two primary purposes. The first was to determine the
efficacy of this extraction method. The second was to determine ideal flow rates to use
with this column. For each experiment, solutions were run through the column until all
air had been purged from the system. Extractions were run for six hours. All analyses of
samples were performed by qNMR.

2.6.1 Actor Reactor
To test the extraction efficiency of this column and to test different flow rate
combinations, a mixture termed the actor reactor was prepared to emulate the contents of
a typical continuous culture. The actor reactor contains glycerol and the key fermentation
products of C. pasteurianum at concentrations typical of a continuous culture experiment.
Glycerol concentration was selected based on the initial concentration at the time of
inoculation of 25g/L. Butanol concentration was selected based on the lowest maximum
concentration seen across all continuous culture experiments conducted during this
project. The minor product concentrations were chosen as the average concentration of
any samples taken from all continuous culture experiments. Table 2.3 contains the
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contents of this mixture. For an actor reactor extraction, 500 mL of actor reactor mixture
were placed in one of the reservoirs and run through the column. 500 mL of a 2g/L
vesicle solution was placed in the other reservoir. The specific flow rates and
experimental setup of the actor reactor extractions are listed in Table 2.2. Samples were
taken from both reservoirs every two hours for six hours.

2.6.2 Actor Butanol
In a similar setup to the actor reactor experiments, tests of simple water-based
extraction of a 2g/L butanol solution were performed. This set of experiments was
designed to monitor volume exchange observed during the actor reactor experiments and
better gauge the effects of the extraction column by eliminating glycerol, minor
fermentation products, and liposomes. Table 2.2 has the descriptions of these
experiments. For each, 500 mL of 2g/L butanol solution was placed in one reservoir and
500 mL of diH2O were placed in the other. Samples were taken every two hours for six
hours.

Table 2.2 Actor Reactor Mixture Concentrations
Component
Glycerol
Butanol
1,3-Propanediol
Butyric Acid
Acetic Acid
Ethanol

Concentration
25.0 g/L
2.0 g/L
2.0 g/L
0.5 g/L
0.5 g/L
0.5 g/L
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Figure 2.2 Experimental Setup of Actor Reactor and Actor Butanol Extractions. Contents
of Reservoir 1 and Reservoir 2 were varied between experiments. Reservoir 1 fluid was
run through the inner tube while contents of Reservoir 2 were run through the outer shell.
Detailed Description of Experiments can be found in Table 2.3.
Table 2.3 Description of Actor Reactor and Actor Butanol Experimental Setup
Experiment
Actor Reactor 1
Actor Reactor 2
Actor Reactor 3
Actor Reactor 4

Outer Shell
Contents
Flow Rate
Actor Reactor*
Actor Reactor*
Actor Reactor*
2g/L Vesicles

1.8 mL/min
7.5 mL/min
9.5 mL/min
7.0 mL/min

Inner Tube
Contents
Flow Rate
2g/L Vesicles
2g/L Vesicles
2g/L Vesicles
Actor Reactor*

Actor Butanol 1 2g/L Butanol
7.0 mL/min
diH2O
Actor Butanol 2 2g/L Butanol
7.0 mL/min
diH2O
Actor Butanol 3 2g/L Butanol
11.5 mL/min
diH2O
*Actor Reactor Mixture Composition can be found in Table 2.2
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7.0 mL/min
14.5 mL/min
13.5 mL/min
14.0 mL/min
14.0 ml/min
14.0 ml/min
11.5 ml/min

2.6.3 5 g/L Butanol Collection (5C) Extraction
In order to better compare the effects of liposomes on extraction efficiency, a
series of extractions were carried out using either liposomes or diH2O. The concentration
of butanol was set at 5g/L which is the average butanol concentration seen across all
continuous culture experiments. This higher concentration had the added advantage of
increasing the butanol NMR signal for easier quantification at earlier sample times.
Figure 2.3 shows the design of this experiment. This setup differed from the actor reactor
and actor butanol experiments chiefly in that a third reservoir was added to the system
containing 1000 mL of 5g/L butanol. Butanol solution was pumped from this reservoir
into the collection reservoir at 1.0 ml/min to ensure a constant supply of 5g/L butanol to
better mimic an actual extractive fermentation. In contrast to the actor reactor and actor
butanol experiments, 5C extraction allows the butanol to continuously collect in a given
vessel, then get extracted from this reservoir. Due to this difference, 5C extraction allows
the models of extraction either from the continuous culture reactor or the waste container
to be modeled. This setup is shown in Figure 2.3. Samples from the extraction reservoir
were taken every two hours for six hours. Samples from the reactor reservoir and the
collection reservoir were taken at zero hours and at six hours. Pump 1 ran at 7.0 mL/min
through the inner tube and pump 2 ran at 14.0 mL/min through the outer shell. The inlet
pump ran at 1.0 mL/min. Experimental Setup for each of five experiments are described
in Table 2.4 and Table 2.5.
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Figure 2.3 Experimental Setup of 5g/L Butanol Collection Extractions. Experiment was
setup with 1000 mL of 5g/L butanol in the inlet reservoir, 500 mL of 5g/L butanol in
reservoir 1, and 500 mL of either diH2O or vesicle solution in reservoir 2.
Table 2.4 Contents for 5C Extractions
Experiment
5C1
5C2
5C3
5C4
5C5

Inlet Reservoir
Contents
5 g/L Butanol
5 g/L Butanol
5 g/L Butanol
5 g/L Butanol
5 g/L Butanol

Reservoir 1 Contents
5 g/L Butanol
5 g/L Butanol
5 g/L Butanol
5 g/L Butanol
5 g/L Butanol

Reservoir 2 Contents
(Extraction Solution)
diH2O
2 g/L Vesicles
2g/L Vesicles
5g/L Vesicles
diH2O

Table 2.5 Flow Rate Setup for 5C Extractions
Experiment
5C1
5C2
5C3
5C4
5C5

Inlet Pump Flow Rate
1.0 mL/min
1.0 mL/min
1.0 mL/min
1.0 mL/min
1.0 mL/min

Pump 1 Flow Rate
7.0 mL/min
7.0 mL/min
7.0 mL/min
7.0 mL/min
7.0 mL/min
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Pump 2 Flow Rate
14.0 mL/min
14.0 mL/min
14.0 mL/min
14.0 mL/min
14.0 mL/min

2.7 Optical Density (OD) and pH Analysis
Culture samples taken for pH and OD were placed in 14mL Falcon tubes. The pH
was measured using a pH meter. Once pH was determined, the sample was analyzed
using a Thermo-Genysys instrument at 600nm and the absorbance was recorded as OD.
OD was used to monitor cell growth. Culture pH was measured because C. pasteurianum
fermentation results in a characteristic drop in pH from neutral to around 4.5 due to the
formation of acidic products [17].

2.8 High Performance Liquid Chromatography (HPLC) Analysis
HPLC media was prepared regularly by mixing 570 microliters of concentrated
sulfuric acid in enough diH2O to prepare two liters of media. Approximately 900mL of
this media was degassed daily for use by the HPLC. An Aminex® HPX-87H Column for
HPLC was attached to a Varian ProStar 355 RI detector which was used for quantitation.
Samples taken from batch and continuous cultures were centrifuged at 10,000 X g for 10
minutes. The supernatant was filtered through syringe filtration then frozen overnight.
Samples were thawed and 25 microliters of sample loaded into the HPLC. Each sample
was run at least twice. If the readings between the two separate runs of the same sample
differed by more than 5%, the sample was run a third time. A set of standard serial
dilutions for each compound of interest was prepared and used to determine the linear
relationship between area under each peak and concentration. The area under each peak
for each sample was used to calculate the concentration of each compound in grams
solute per liter solution. The HPLC calibration data is found in Appendix A.
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2.9 Nuclear Magnetic Resonance (NMR) Analysis
2.9.1 NMR Sample Preparation
Sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) solution was used as a
reference for quantitation. DSS standard solution is composed of 5.0 mM DSS and 0.1%
sodium azide using a 70% D2O in water solution as the solvent. DSS has a peak at 0.00
ppm chemical shift from nine protons on three methyl groups allowing for relative
integration. Sodium azide acted as a biocide to prevent microbial growth in the standard
solution. Samples taken for NMR analysis were prepared in 1.5 mL Eppendorf tubes by
mixing 600 μL of sample with 150 μL of DSS standard bringing the final concentration
of DSS in the standard to 1.0 mM and the total volume of sample to 750 μL. The
prepared samples were pipetted into 5 mm NMR tubes which were then capped and
labelled. For most experiments, culture samples were filtered before being prepared for
NMR analysis following the same procedure as for HPLC analysis. Liposome batch
culture samples were analyzed without filtration.

2.9.2 NMR Data Acquisition
A 500 MHz Varian INOVA NMR Spectrometer was used with Vnmrj software
for quantitative NMR (qNMR). Each sample was analyzed in the same manner.
Hardware was setup and the previous sample ejected from the machine. The new sample
tube was placed in the spinner turbine and height adjusted using the depth gauge. The
spinner holding the sample was placed on top of the magnet and dropped back into the
NMR. This setup is shown in Figure 2.4. Once the sample was fully inserted, the NMR
was tuned by setting the tune interface to a value below 10 by probing the proton
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frequency of the sample. The digital control pre-amp is shown in figure 2.5. Vnmrj
software was used to operate the NMR spectrometer. After the tuning, D2O-10% was
selected as the solvent and the z0 found and lock engaged. The gradient shim was
performed to ensure optimal measurement conditions. This procedure optimizes for
maximum signal response. A new study was generated for each sample and a program
termed “(H)PRESAT” run. Table 2.6 contains the acquisition parameters for this
program. The receiver gain was dropped if an ADC overflow occurred due to variation in
signal strength.
Table 2.6 Acquisition Parameters for (H)PRESAT
Acquisition Time (s)
Relaxation Delay (d1) (s)
Number of Scans Requested
Receiver Gain
Spectral Width (Hz)

6.00
25.00
8
12
7998.4

Figure 2.4 NMR 5mm Sample Tube Sitting in A 5mm Probe Depth Gauge
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Figure 2.5 Pre-Amp with Probe Tuning Interface and H-Frequency Cable Probe

The (H)PRESAT protocol was exchanged for a more customized 1-dimensional
NOESY during the course of the project. This program was designed to allow for better
suppression of the water peak and analysis of aqueous samples necessary for this project.
Sample preparation, injection of the sample, tuning, and finding Z0 are kept the same.
For gradient shimming, the proton signal from water present in each aqueous solution
was used for a more specific shim. Trial spectra were obtained after each shim to ensure
the effectiveness of the shim. After this a quick 1-dimensional NOESY, termed FASTNOESY, was run to be sure the shim and lock were good. The final program, known as
JONATHAN-NOESY, was run with the parameters in table 2.7. Just as with the
(H)PRESAT, the receiver gain had to be occasionally lowered to prevent ADC overflow.
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Table 2.7 Acquisition Parameters for JONATHAN-NOESY
Acquisition Time (s)
Relaxation Delay (d1) (s)
Number of Scans Requested
Receiver Gain
Spectral Width (Hz)

4.00
6.00
16
20
7998.4

2.9.3 NMR Data Processing
Spectra generated from the NMR programs were analyzed using MestreNova
software. A serial dilution of each of the six compounds of interest was tested on NMR.
The chemical shifts of each peak from the different spectra were compared to determine
which peaks overlapped and which could be isolated for quantitation. One peak unique to
each compound was identified and used for quantitation. The number of protons was also
determined for each peak. The unique chemical shifts and number of protons is shown in
Table 2.8. Individual Spectra are included in the appendix A.

Table 2.8: Unique Chemical Shift and Number of Protons for Glycerol and
Fermentation Products
Compound
Glycerol
Butyric Acid
Acetic Acid
1,3-propanediol
Butanol
Ethanol

Number of Protons
1
2
3
2
2
3
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Average Chemical Shift (ppm)
3.79
2.34
2.06
1.79
1.33
1.16

CHAPTER 3

RESULTS AND DISCUSSION
3.1 Batch Cultures and Optimizing Growth Conditions
3.1.1 Glycerol Optimization
Batch cultures were grown in an anaerobic glove box as described in section 2.3
and 2.4. Media was added to 50-mL culture flasks and inoculated with 1mL of stock C.
pasteurianum culture. HPLC data were compiled for two sets of batch cultures prepared
either with 25g/L glycerol or 50g/L glycerol. Cultures were monitored for eight days and
the concentrations of glycerol, butanol, and the other fermentations products were
determined. Overall, butanol levels varied between 0.1 and 0.3 g/L with no significant
difference between cultures with 25g/L glycerol and cultures with 50g/L glycerol. It
should be noted that these fermentations were performed without yeast extract, which
was discovered later to enhance butanol concentrations. Maximum butanol
concentrations of no more than 0.33 g/L (25 g/L glycerol) and 0.24 g/L (50g/L glycerol)
were observed by day 1 or 2 in all cultures. Butanol concentration steadily decreased over
the next few days. The maximum butanol concentrations observed are shown in Figure
3.1. The decreasing concentrations of butanol over time is due to the reabsorption back
into the cellular membrane of dead bacterial cells, a phenomenon described by previous
work by this group [12]. Butanol, like all straight chain alcohols, is known to be absorbed
by the cell membrane thereby increasing membrane fluidity, which is why alcohols are

toxic to bacterial cells. Bacteria counteract this toxic effect by altering the composition of
their membranes and the ratios of unsaturated to saturated fatty acids through a
phenomenon known as the homeoviscous response [12]. The absorption of butanol into
the cells causes the observed decrease in butanol since the cells are filtered out before
HPLC analysis. Since it was determined that no increase in butanol production was
observed at the higher concentration of glycerol, all subsequent experiments were
performed at 25g/L glycerol.

Butanol Max Concentration (g/L)

0.35
0.30
0.25
0.20
0.15
0.10

0.05
0.00
25A

25B

50A

50B

Experiment

Figure 3.1 Maximum Butanol Concentrations from Glycerol Optimization Batch
Cultures. Cultures 25A and 25B were prepared with 25 g/L glycerol. Cultures 50A and
50B were prepared with 50 g/L glycerol. Cultures 25A and 50A were inoculated from
one starter culture. Cultures 25B and 50B were inoculated from another starter culture.
Butanol concentrations were calculated from HPLC data.

3.1.2 Volumetric Batch Culture Tests
One-liter cultures were run in the chemostat without using pumps in order to
determine the effects of larger volume cultures on growth and fermentation. A starter
culture was used to inoculate both a 30-mL flask and a 1-liter chemostat, each containing
glycerol media. Growth and fermentation were monitored for eleven days in both cultures
and the data compared. Figures 3.2 and 3.4. contain the data from the two one-liter
cultures. Figures 3.3 and 3.5 contain the comparable 30-mL cultures.
The first 30-mL culture experienced maximum butanol levels on day 3 at 2.73
g/L. Butanol levels then dropped to 1.91 g/L by day 4, fluctuated between 1.90 and 2.15
g/L until day 7, and continued to decrease over the next several days. The one-liter
culture inoculated from the same starter culture reached peak butanol levels by day 4 at
3.33 g/L butanol. The butanol concentration dropped to 2.54 g/L by day 7, increased
briefly to 3.03 g/L on day 8, then proceeded to drop for the rest of the experiment. The
peak in butanol production in the one-liter culture was later than in the 30mL culture
primarily because the large volume requires more time required for maximum cell
density to be reached. Despite the difference in time, the overall trend between the two
cultures was the same. Butanol reached a peak level, decreased to a steady but lower
concentration for a few days, then decreased steadily until the end of the experiment.
The second 30mL culture spiked on day 2 at 5.30 g/L butanol. The level
decreased steadily to a concentration of 3.27 g/L butanol by day 8. The comparable oneliter culture also reached peak butanol by day 2 at 4.11 g/L and decreased steadily to 1.90
g/L on day 8. These two cultures showed similar growth patterns, as did the first pair of
cultures. Batch cultures inoculated from the same stock typically experience similar

growth patterns. However, due to the stochastic variation inherent to living organisms,
each stock of C. pasteurianum results in a different pattern of growth, making specific
comparisons between separate sets of cultures difficult. The specific day on which
butanol peaks and the time required to begin a steady decline vary between sets of
experiments. Regardless of those differences, a maximum butanol level is still reached,
and an eventual steady decline still occurs in both the 30mL cultures and the one-liter
cultures.
These results show that the ability of C. pasteurianum to grow and ferment is not
limited by the size of the culture. Larger volume cultures survive longer than smaller
batch cultures. Although the second trial exhibits higher butanol production than the first
in both the 30-mL and one-liter cultures, the general trends of declining butanol
production following the maximum level reached are similar in all four cultures. These
experiments confirm that the size of the culture can be scaled up for chemostat tests.
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Figure 3.2: Fermentation Product Concentrations over Time of the First Trial Of a 1-Liter
Batch Culture. This culture was inoculated from the same stock as the 30mL culture
reported in Fig 3.2. Concentrations were determined from HPLC data and are reported in
g/L.
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Figure 3.3: Fermentation Product Concentrations over Time of the 30-mL Control
Culture for Comparison to the First Trial of a 1-Liter Batch Culture. This culture was
inoculated from the same stock as the 1-liter culture reported in Fig 3.2. Concentrations
were determined from HPLC data and are reported in g/L.
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Figure 3.4 Fermentation Product Concentrations over Time of the Second Trial of a 1Liter Batch Culture. This culture was inoculated from the same stock as the 30mL culture
reported in Fig 3.5. Concentrations were determined from HPLC data and are reported in
g/L.
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Figurer 3.5 Fermentation Product Concentrations over Time of the 30-mL Control
Culture for Comparison to the Second Trial of a 1-Liter Batch Culture. This culture was
inoculated from the same stock as the 1-liter culture reported in Fig 3.4. Concentrations
were determined from HPLC data and are reported in g/L.
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3.1.3 Test of the Influence of Yeast Extract
Batch cultures reported thus far exhibited slow growth and lower butanol
production than literature values [11]. To improve growth, the addition of yeast extract to
growth media was tested. A series of batch cultures containing yeast extract were
compared to cultures containing no yeast extract. Cultures with yeast extract exhibited
significantly faster growth, reaching optimal OD in 24 hours or less compared to two or
three days in the absence of yeast extract. The maximum OD was also significantly
higher in yeast extract batch cultures than in control cultures. Glycerol consumption and
butanol production were consistently higher in cultures with yeast extract than in cultures
without. This result was a natural progression from faster growth and larger cell density.
Due to these results, all subsequent cultures reported in this thesis were prepared using
media containing yeast extract. Specific data on yeast extract-containing batch cultures is
not included in this thesis. (data not shown).

3.2 Continuous Culture
The continuous culture experiment described in the Materials and Methods
Section 2.5 was performed three times using the same chemostat tested in the volumetric
batch culture experiments in section 3.1.2. For each given dilution factor, the results from
the sample taken at the 98% turnover time and the sample taken two hours afterwards
were compared to determine if a steady state had been reached. A steady state in a
continuous culture is reached when the cell growth rate is constant and is equal to the rate
of dilution. It should be noted that steady state occurs within the exponential growth
phase of bacteria, and that while the growth rate is constant, bacterial growth remains
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exponential [20]. Steady state is determined by comparing the pH and OD values along
with the fermentation product concentrations between samples from the 98% turnover
time and samples taken two hours later. If the values are similar between the two
samples, a steady state has been reached. The 98% turnover time and dilution factor were
calculated for each flow rate tested in this experiment as explained below.
The Dilution Factor (DF) is a function of the flow rate in and out of the reactor,
assuming the flow in is equal to the flow out, and of the volume of the reactor, such that:
݉ܮ
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Where DF is the dilution factor in 1/h, Q is the flow rate in mL/min, and V is the volume
of the culture. Thus, the DF is directly related to the flow rate. The amount of time
required for 98% of the volume in the reactor to be replaced can be expressed as a
function of the total volume and the flow rate, such that:
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From these two equations, the 98% turnover time can be related directly to the DF
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The 98% turnover time is the time required for a steady state to be reached. At a steady
state, the specific growth rate of the bacteria should equal the DF. The specific growth
rate is inversely related to the doubling time, a measure of the amount of time required
for biomass to double. This relationship is given by:
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Where μ is the specific growth rate, td is the doubling time. The doubling time thus
becomes a function of the dilution rate d given by
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At steady state, the specific growth rate becomes equal to the DF. A range of sample
DFs and subsequent 98% turnover times and doubling times is included in the table 3.1
From this range, three flow rates and DFs were chosen based in part on the limitations of
the pumps available. They are listed in table 3.2.

Table 3.1 Set of Dilution Factor, Flow Rate, and Sample Time Calculation Results
Time before sampling
(i.e steady state)
DF*
h (98%
h
turnover) (doubling)
0.05
0.83
0.42
0.21
0.10
19.60
13.86
0.1
1.67
0.83
0.42
0.21
9.80
6.93
0.15
2.50
1.25
0.63
0.31
6.53
4.62
0.2
3.33
1.67
0.83
0.42
4.90
3.47
0.25
4.17
2.08
1.04
0.52
3.92
2.77
0.3
5.00
2.50
1.25
0.63
3.27
2.31
*note that at steady state, the DF is equal to the specific growth rate
1000
Q (ml/min)

Reactor volume (ml)
500
250
Q (ml/min) Q (ml/min)

125
Q (ml/min)

Table 3.2: Dilution Factors Tested with Corresponding Flow Rates and 98% Turnover
Times
DF (specific growth rate)
0.072 h-1
0.12 h-1
0.18 h-1

Flow rate
0.6 mL/min
1.0 mL/min
1.5 mL/min

98% Turnover time
13.6 hours
8.17 hours
5.44 hours
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Samples taken at the 98% turnover time were not found to differ significantly
from samples taken two hours later for each dilution factor. The similarity in values
confirms that steady state was reached at the calculated 98% turnover time. It can
therefore be assumed that the growth rate is equal to the dilution rate at the 98% turnover
time for each dilution factor.
The OD values for each dilution factor further confirm this observation. Figure
3.6 shows the average OD for each dilution factor across three runs of this continuous
culture model. The OD ranges from approximately 1.0 to 1.15. The similarity in these
values indicates that the cell density in solution is similar across dilution factors. For the
cell density to remain constant at higher dilution factors, bacterial growth must increase
in response to the higher rate of washout associated with each dilution factor. Since the
OD values are similar, it can be inferred that bacterial growth rates do increase in
response to the washout at steady state, confirming that the specific growth rate rises to
balance the washout in continuous culture.
The pH values were averaged in the same manner as OD. The values are shown in
Figure 3.7. The pH between dilution factors varies between around 4.8 and 5.0. These
values are higher than the average 4.5 observed in batch cultures. This is to be expected
as the acidic fermentation products are being diluted out in continuous culture and being
replaced with fresh glycerol media at neutral pH. Since pH is more or less constant across
each dilution factor, fermentation must occur at the same rate alongside higher cell
growth. The consistent pH values provide a second indicator that bacterial growth and
fermentation remain consistent at each dilution factor tested.
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Figure 3.6 Average OD per Dilution Factor. OD was measured at 600nm as described in
section 2.7. OD values from samples taken at the 98% turnover time and again two hours
later were averaged for each dilution factor for each experiment. These averages were
then averaged across all three tests of the continuous culture.
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Figure 3.7 Average pH per Dilution Factor. pH was measured as described in section 2.7.
pH values from samples taken at the 98% turnover time and again two hours later were
averaged for each dilution factor for each experiment. These averages were then averaged
across all three tests of the continuous culture.
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Yield (g produced/g glycerol
consumed)

35%
30%
25%
20%
15%
10%
5%
0%
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0.07

0.12

0.18

DF (1/h)
butanol

1,3-PDO

ethanol

butyric acid

acetic acid

Figure 3.8 Product Yields at Different Dilution Factors. Concentrations of glycerol and
fermentation products were determined from HPLC and qNMR. The mass of glycerol
and each product was calculated from the concentration and total volume in both the
reactor and the waste container. Yields were calculated by dividing the total mass of
product present by the total mass of glycerol consumed. The yields for samples taken at
the 98% turnover time and the samples taken two hours later for each dilution factor were
averaged together. The average yields for each dilution factor from all three tests of the
continuous culture were averaged together for analysis.
Samples taken for each dilution factor were analyzed via HPLC or by qNMR. The
data from HPLC and qNMR were found not to differ significantly. The dilution factor of
zero refers to the initial 24 hours of growth following inoculation of the 500 mL reactor
where no pumps are run. This growth period operates as a batch culture, which allows for
an easy comparison between batch growth and continuous growth. The yield of each of
the fermentation products was determined by dividing the mass of each produced by the
mass of glycerol consumed. The amount of glycerol consumed rather than the total
glycerol present was used for calculations to better model the specific metabolic activity
of C. pasteurianum. Unincorporated glycerol has no effect on product yield as it is
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washed out during continuous culture. Yields were averaged across all three experiments.
These results are shown in Figure 3.8. During the 24 hours of batch growth, the yield of
butanol was 18.16%, almost equal to the 18.48% yield of 1,3-PDO. 10.82% of the
glycerol consumed was converted into the other minor fermentation products, with
butyric acid as the most prominent at 6.05% yield. At the dilution factor of 0.07 h-1, the
1,3-PDO yield drops to 7.93%, and continues to drop to 5.94% at 0.12 h-1 and to 3.05%
at 0.18 h-1. The other minor products almost completely disappear as the dilution factor
increases. Butyric acid disappears entirely at 0.07 h-1 and remains below 0.30% yield at
the other two dilution factors. Ethanol yield increases to 3.69% at 0.07 h-1 but drops to
2.79% at 0.12 h-1 and 1.79% at 0.18 h-1. Acetic acid drops from 3.02% yield at dilution
factor of 0 h-1 to 0.37% at 0.07 h-1, 0.35% at 0.12 h-1, and 0.42% at 0.18 h-1. Butanol
yield increases significantly from 18.16% at a dilution factor of 0 h-1 to 27.63% at the
first dilution factor. The yield of butanol remains more or less constant at higher dilution
factors, with 27.59% yield at 0.12 h-1 and 28.57% at 0.18 h-1. As the dilution factor
increases, the amount of glycerol mass converted to 1,3-PDO and minor fermentation
products decreases steadily with no corresponding increase in butanol production. The
mass of glycerol which is unaccounted for by fermentation products is being converted
into biomass. C. pasteurianum relies on glycerol not only as an energy source but also as
a carbon source. At higher dilution factors, the bacterial culture grows more quickly in
response to the higher washout, causing more biomass to be generated in a shorter
amount of time. This conclusion is corroborated by the steady OD values across the three
dilution factors. Both the yield information and the OD values confirm that the specific
growth rate increases in response to the dilution factor.
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While the minor fermentation products have rarely been detected at significant
levels throughout this project, 1,3-PDO has been consistently prevalent in batch cultures.
The observed shift from equal butanol and 1,3-PDO production in batch culture to
primarily butanol production in continuous culture can be explained by the metabolic
pathways of C. pasteurianum shown in Figure 1.1. The conversion of glycerol to 1,3PDO is a quick two-step enzymatic pathway which converts one NADH2 to one NAD
and is used to maintain redox balance in the cell [19]. The conversion of glycerol to
butanol is a much slower eight-step enzymatic pathway resulting in the net conversion of
one NADH2 to one NAD and of two ADP to two ATP [7]. NAD is required for biomass
production, and as such both pathways contribute equally to the growth of C.
pasteurianum. While the 1,3-PDO pathway is quicker, the butanol pathway is more
energetically efficient because of the two ATP regenerated. The dilution of the culture
during continuous culture adds external pressure on the culture to increase its specific
growth rate to match the washout. The butanol pathway is then favored because it allows
for the most efficient growth of the cells. While the 1,3-PDO pathway may promote early
quick growth, it does not provide the energy necessary to sustain high growth rates long
term. It is also possible that the butanol is always the favored product, but once toxic
levels of butanol are reached in batch cultures there is a metabolic shift to favor 1,3-PDO,
which is less toxic than butanol [11]. Continuous culture dilutes butanol accumulated
during the initial 24-hour growth phase shifting metabolism back to the more efficient
butanol pathway. Based on the consistent OD values and the trends in fermentation
product yield, it can be concluded that continuous culture conditions promote higher
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specific growth rates and higher butanol production relative to batch cultures making
continuous culture a viable option for conversion of glycerol into butanol.
To track changes in metabolism more closely a continuous culture was run at a
constant flow rate of 1.0 mL/min and dilution factor of 0.12 h-1. Samples were taken
hourly for the first 10 hours of continuous culture, then again at 24 hours and at 36 hours.
Data was analyzed as percentage of moles of carbon in the entire reactor as shown in
Figure 3.9, including unincorporated glycerol. The first ten hours of growth show some
variation as glycerol is moving into the system and the reactor mixture is being pumped
out. By the end of 24 hours, the percentage of carbon going into butanol had increased
drastically from a range of 13-18% during the first 10 hours to 51.51% yield. Biomass
yield was 18.46% at 24 hours, which was similar to the first 10 hours of growth. At 36
hours, more carbon was being devoted to biomass than to butanol, with only 38.85%
converted to butanol and 34.24% converted to biomass. At both times the percentage of
carbon being used to form 1,3-PDO was significantly lower (6.86% at 24 hours and
4.87% at 36 hours) than during the first 10 hours of growth (9-13%), confirming the
trade-off between butanol and 1,3-PDO production observed during earlier continuous
culture experiments. These changes occur after a steady state is reached at the 98%
turnover time which for the dilution factor 0.12 h-1 occurs at just over eight hours after
the start of the pumps. This further demonstrates that continuous culture does result in
increased conversion of glycerol into butanol and decreased conversion to other products.
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Figure 3.9 Analysis of a Single-Dilution Factor Continuous Culture. This experiment
refers to a continuous culture run for 36 hours at a dilution factor of 0.12 h-1. Samples
were taken hourly for the first 10 hours, then again at 24 hours and at 36 hours.
Concentrations of glycerol and fermentation products were determined using HPLC and
qNMR. The mass of each compound was determined using the concentration and volume
of both the reactor and waste container, then combining the two masses. Stoichiometric
calculations were used to determine the total moles of carbon from each compound.
Percentages were calculated by dividing the moles of carbon for each compound divided
by the total moles of carbon in glycerol present at the start of the experiment plus the
total moles of carbon in glycerol fed in from the inlet reservoir at the time of sampling.
The percentage of total carbon converted to biomass was determined by subtracting the
sum of the percentages from all fermentation products and unconverted glycerol from
100%. Steady state is reached between 8 and 9 hours.
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3.3 Vesicles and Extraction of Butanol
3.3.1 Liposome Batch Cultures
In fermentative extractions, liposomes are kept apart from the live culture.
Nevertheless, there is still the chance that liposomes may cross the extraction membrane
and enter the reactor. It was therefore necessary to determine how liposomes interact with
C. pasteurianum. Since certain fatty acids have been shown to be toxic to this species, it
was essential to assure that the L-α-lecithin liposomes did not interfere with bacterial
growth or fermentation [15]. If the liposomes proved to be non-toxic, it was also
necessary to determine if C. pasteurianum metabolized the liposomes, a process which
might affect which metabolic pathways are used by the bacteria. To analyze this
relationship, batch cultures were grown containing 2g/L liposomes added to glycerol
media. Samples were taken daily and analyzed for OD, for pH, and by qNMR. A control
culture inoculated from the same starter culture in glycerol media was grown alongside
each vesicle-containing batch culture and analyzed the same way. Three pairs of batch
cultures were run in this manner. The butanol production did not vary significantly
between control and liposome batch cultures. The maximum butanol produced from each
culture is included in Figure 3.10. In the first pair of cultures, the culture without vesicles
showed a maximum of 2.67 g/L butanol produced and the culture with vesicles showed a
maximum of 2.16 g/L butanol produced. In the second pair, the culture with vesicles
showed higher butanol production than the one without, with a maximum of 6.16 g/L
butanol in the vesicle culture and 5.84 g/L butanol in the culture without vesicles. The
third pair showed a greater difference in butanol production between the two cultures.
The culture with vesicles showed a maximum of 5.93 g/L butanol while the culture

44

without showed 3.82 g/L butanol. In two of the three pairs, the liposome-containing
cultures showed higher butanol levels than the corresponding controls. In the other pair,
the control showed higher butanol production than the corresponding liposomecontaining culture. This variation in butanol production is not outside of the expected
range of stochastic variation for batch cultures, however. Each pair of cultures exhibited
similar OD and pH trends, showing that bacterial growth was not impeded or improved
by the addition of liposomes. Butanol production is likewise not impacted by the
presence of vesicles.
7.00
2V

Butanol Concentration (g/L)

3V

2N

6.00

5.00
3N

4.00

3.00

1N
1V

2.00

1.00

0.00

Experiment

Figure 3.10: Maximum Butanol Concentration from Three Sets of Control and VesicleContaining Batch Cultures. The three experiments are numbered 1, 2, and 3. The “N”
culture refers to the control and the “V” culture has 2g/L vesicles added. Each pair was
inoculated from the same starter culture such that 1N and 1V come from the same starter
culture, 2N and 2V come from another, and 3N and 3V come from a third. Samples were
taken daily and butanol concentrations determined using qNMR. The maximum butanol
concentration for each culture is reported in this figure.
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While liposomes did not seem to have any significant impact on batch cultures, it
was still possible that the liposomes were metabolized by the cells as a food source. To
determine if this was the case, a new set of batch cultures was prepared consisting of one
control culture with glycerol media, one culture containing glycerol media and 2g/L
liposomes, and one culture containing 2g/L liposomes added to media prepared without
glycerol or glucose. The OD values for these three cultures are shown in Figure 3.11. The
butanol concentrations are shown in Figure 3.12. The culture in glycerol media reached
an OD of 3.850 by day 3 and dropped to 3.660 by day 5. The culture with glycerol media
and vesicles reached an OD of 4.130 by day 3 and dropped to 3.530 by day 5. The culture
with no glycerol but with vesicles only reached an OD of 1.035 by day 3 and reached
1.625 by day 5. Although the OD of this culture increased over time, it did not reach the
levels of the first two cultures. Butanol levels in the culture with glycerol media peaked at
6.21 g/L on day 4. Butanol levels in the culture with glycerol media and vesicles peaked
at 4.92 g/L on day 3. Butanol levels in the third culture with no glycerol peaked on day 1
at 1.32 g/L, dropped to 1.11 g/L on day 2, and showed very little variation over the next
few days. The butanol present on day 1 came from the 1mL of the starter culture used to
inoculate the flask. That 1mL carried over butanol produced during the 24 hours of starter
culture growth and some glucose, which was then consumed by the bacteria. Since
neither the OD nor the butanol concentration of the liposome-containing culture without
glycerol reached the level of the other two cultures, it can be concluded that liposomes
are neither metabolized by C. pasteurianum nor are they toxic to the bacteria. Therefore,
vesicle-based extraction will not affect the efficacy of glycerol conversion to butanol in
continuous culture or the growth of C. pasteurianum.
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Figure 3.11: OD over Time from a Set of Three Batch Cultures Testing the Effects of
Liposomes. All three cultures were inoculated from the same starter culture. The first
culture is composed of glycerol media. The second contains glycerol media with 2g/L
vesicles added. The third is media without glycerol and with 2g/L vesicles.
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Figure 3.12: Butanol Concentrations over Time from a Set of Three Batch Cultures
Testing the Effects of Liposomes. Concentration was determined by qNMR analysis. All
three cultures were inoculated from the same starter culture. The first culture is composed
of glycerol media. The second contains glycerol media with 2g/L vesicles added. The
third is media without glycerol and with 2g/L vesicles.
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3.3.2 Actor Reactor and Actor Butanol
Actor Reactor and Actor Butanol experiments were run per methods outlined in
section 2.6. The actor reactor refers to an extraction experiment performed on a prepared
mixture which simulates the conditions of a continuous culture experiment. The
composition of the actor reactor can be found in table 2.2. A solution of 2 g/L vesicles are
used as the extraction solution. Samples were taken from both reservoirs every two hours
for six hours and analyzed using qNMR. With no previous experiments to base the flow
rates on, actor reactor 1 flow rates were chosen arbitrarily to provide a starting basis. This
first experiment provided several key insights into this extraction method. It first
established that butanol could move across the membrane, along with the other
fermentation products and glycerol. 14.3% of the butanol was extracted. During the
experiment, the volume of the reservoir with vesicles decreased while the volume of the
reactor increased. This unexpected transfer of volume was due a difference in fluid
pressure across the membrane. Subsequent experiments measured the volume transfer
and subsequent flow rates were chosen to minimize the volume transfer. Actor reactor 2
resulted in a volume transfer of 225 mL and extracted 18.7% of the butanol. The volume
transfer of actor reactor 3 was closer to 150 mL and extracted 22.6% of the butanol after
six hours. In each of the first three actor reactors, volume transfer moved from the
reservoir connected to the inner tube to the reservoir connected to the outer shell. Actor
Reactor 4 was run with the reactor mixture on the inner tube while the extraction vesicle
solution was run through the outer shell to provide contrast to the first three actor
reactors. Actor Reactor 4 showed the highest butanol transfer at 31.3% and the lowest
volume transfer between 90 and 125 mL because butanol diffused in the same direction
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that volume moves, allowing the mechanical force of volume movement to aid the
transfer of butanol. The percentage of butanol extracted from each experiment is found in
table 3.3. The transfer of volumes can be found in table 3.4. The discrepancies between
volume transfers are due to air within the column being filled in by fluid from the
reservoirs.
Three sets of actor butanol experiments were run using the same procedure as the
actor reactor experiments, but with a solution of 2 g/L butanol instead of the actor reactor
mixture and deionized water instead of vesicles. The percentage of butanol extracted
from each experiment can be found in table 3.3. The volume transfers can be found in
table 3.4. Eliminating the vesicles and compounds other than butanol provided direct
insight into the interactions between butanol and the column. The first two actor butanol
experiments were run with identical parameters. Despite this, the volume transfers were
more than 60 mL different between the two experiments. The amount of butanol
transferred was also significantly different, with 23.2% of the butanol extracted in the
first experiment and only 14.0% extracted in the second. A third experiment was run to
determine if equalizing the flow rates would result in reduced volume exchange. The
volume transfer of actor butanol 3 was almost identical to that of actor butanol 1. 20.0%
of the butanol was extracted which was comparable to actor butanol 1. These experiments
indicate that the volume transfer is inconsistent and not directly linked to the flow rates.
Changes in solution composition also have no effect on volume transfer.
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Table 3.3 Actor Reactor and Actor Butanol Extraction Results
Experiment

Outer Shell Flow
Rates and Contents

Inner Tube Flow
Rates and Contents

Percent Butanol
Extracted after 6 hours

Actor Reactor 1
Actor Reactor 2
Actor Reactor 3
Actor Reactor 4

Reactor, 1.8 ml/min
Reactor, 7.5ml/min
Reactor, 9.5ml/min
Vesicles, 7.0ml/min

Vesicles, 7.0ml/min
Vesicles, 14.5ml/min
Vesicles, 13.5ml/min
Reactor, 14.0ml/min

14.3%
18.7%
22.6%
31.3%

Actor Butanol 1
Actor Butanol 2
Actor Butanol 3

Butanol, 7.0ml/min
Butanol, 7.0ml/min
Butanol, 11.5ml/min

Water, 14.0ml/min
Water, 14.0ml/min
Water, 11.5ml/min

23.2%
14.0%
20.0%

Table 3.4 Actor Reactor and Actor Butanol Volume Transfer Results
Experiment
Actor Reactor 1
Actor Reactor 2
Actor Reactor 3
Actor Reactor 4

Outer Shell Reservoir
Volume Change
Not measured
+225 ml
+125 ml
+90 ml

Inner Tube Reservoir
Volume Change
Not measured
-225 ml
-150 ml
-125 ml

Actor Butanol 1
+140 ml
-140 ml
Actor Butanol 2
+200 ml
-200 ml
Actor Butanol 3
+150 ml
-150 ml
*Note that discrepancies between volume gained by the outer shell reservoir and volume
lost by the inner tube reservoir are due to excess air inside the extraction column being
replaced by fluid from the reservoirs.
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3.3.3 Volume transfer and Pump flow optimization
The inconsistency in volume transfers across the membrane made it necessary to
optimize flow rates. Several tests of the flow rates already tested for actor reactor and
actor butanol experiments were duplicated using only deionized water in both reservoirs.
After several tests, it was determined that running one solution at approximately 7.0
mL/min through the inner tube and the other solution at 14.0 mL/min typically resulted in
approximately 1.0 mL/min volume transfer, equivalent to the dilution factor chosen for
the single dilution factor continuous culture experiment. Based on these results, a new set
of experiments was designed.
3.3.4 5 g/L Butanol Collection (5C) Extraction
The 5C extractions differed from the actor reactor and actor butanol experiments
in a few key ways. First, the concentration of butanol was increased to 5g/L. The higher
concentration made analysis of earlier samples using qNMR easier and more closely
matched the average butanol concentration found in continuous culture experiments.
Second, each of these experiments were conducted with the same set of flow rates,
7.0mL/min through the inner tube and 14.0mL/min through the outer shell. Third, some
of the 5C experiments were tested with deionized water and some with a vesicle solution
as the extraction solutions. Fourth, the butanol solution was run exclusively through the
inner tube to optimize transfer of butanol across the membrane. Finally, and most
importantly, a third reservoir was added containing a solution of butanol to feed into the
collection reservoir at 1.0 mL/min to mimic the conditions of a bioreactor while
attempting to maintain constant volume in the butanol-containing reservoir. Figure 2.3
shows this model. The experimental setup can be found in Table 2.4 and Table 2.5. The
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first and fifth experiments tested deionized water as the extraction solution. The second
and third experiments tested 2 g/L vesicles. The fourth experiment tested 5 g/L vesicles.
The volume transfer from the inner tube reservoir to the outer shell reservoir
continued to show inconsistency. The first two experiments underwent nearly identical
volume transfers at 222 mL and 225 mL indicating that the use of water or vesicles has
little effect on the amount of volume transferred. The third and fourth experiments
underwent lower volume transfers than the first two but similar volume transfers to one
another, at 173 mL and 167 mL, showing that the concentration of vesicles again has no
effect on the volume transferred. The fifth extraction experiment underwent no volume
transfer whatsoever. Despite the variation in volume transfer, comparisons among the
experiments can still be drawn. On the assumption that the volume transferred across the
membrane consisted of a homogenous solution of 5g/L butanol, the amount of butanol
moved due to the mechanical transfer was calculated. The amount of butanol moved by
mechanical force was subtracted from the total amount of butanol transferred, and the
percentage butanol extracted solely by non-mechanical force (i.e. diffusion) could be
determined. The extractions were run over six hours, but the samples at four hours were
used for comparison. The percentage of butanol extracted due to mechanical or nonmechanical forces can be found in Figure 3.13 and Table 3.5. The mass of butanol
transferred due to mechanical and non-mechanical forces can be found in Figure 3.14 and
Table 3.5.
The effects of using vesicles was determined based on the amount of butanol that
moved in each experiment due to non-mechanical force. The percent of butanol extracted
via non-mechanical forces by both 5C1 with diH2O and 5C3 with 2g/L vesicles were
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nearly identical, at 29.7% and 28.5%, respectively. The 5C2 extraction with 2g/L vesicles
as extractant extracted about 10% more butanol (38.3%) through non-mechanical forces
than 5C1 or 5C3. 5C4 with 5g/L vesicles extracted about 8% more butanol (46.4%) due
to non-mechanical forces than 5C3. In experiment 5C5 with diH2O, all the butanol
extracted was extracted via non-mechanical forces because the volume of the extraction
reservoir remained constant throughout the experiment. The nearly identical results of
5C1 and 5C3 along with the fact that 5C5 showed the highest effect of non-mechanical
forces indicate that the relative amount of butanol extracted by non-mechanical forces is
unaffected by the addition of vesicles to the extraction solution.
The overall mass transferred in 5C5 (0.58 g) was lower than the other four
experiments (between 0.90 and 1.15 g) due to the lack of volume transfer. While the mass
transferred by non-mechanical forces are highest in 5C4 (0.43 g) and 5C5 (0.58 g), 5C1
and 5C2 showed the highest total extractions of butanol (1.13 g in 5C1 and 1.15 g in
5C2). 5C3 and 5C4 extracted nearly identical masses of butanol (0.90 g and 0.92 g
respectively) despite the different concentrations of vesicles. The total mass extracted
further confirms that vesicles have no effect on the extraction of butanol across the
membrane. Detailed results from these experiments are located in Table 3.5. These
results indicate that using vesicles as an extractant in liquid-liquid membrane extraction is
not effective and does not improve the efficiency of butanol purification.
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Figure 3.13 Percentage of Butanol Extracted by Mechanical and Non-mechanical Forces
from Five Different Extraction Experiments. The percent is taken of the total amount of
butanol found in the extraction reservoir following four hours of continuous extraction.
The mass of butanol transferred by mechanical forces is determined by assuming that the
total volume transferred across the membrane is a homogenous solution of 5 g/L butanol.
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Figure 3.14 Mass of Butanol Extracted by Mechanical and Non-mechanical Forces from
Five Different Extraction Experiments. Concentrations were determined using qNMR
and total butanol mass determined based on the volume of the reservoir. The mass of
butanol transferred by mechanical forces is determined by assuming that the total volume
transferred across the membrane is a homogenous solution of 5 g/L butanol.
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Table 3.5 Results from Five Different 5C Extraction
Experiment
Extraction Solution

5C1
diH2O

5C2
2 g/L
Vesicles
222 mL

5C3
2 g/L
Vesicles
173 mL

5C4
5 g/L
Vesicles
167 mL

5C5
diH2O

Volume Transferred

225 mL

Mass Extracted by:
Mechanical Forces
0.80 g
Non-mechanical Forces 0.34 g
Total Mass Extracted
1.13 g

0.71 g
0.44 g
1.15 g

0.67 g
0.23 g
0.90 g

0.49 g
0.43 g
0.92 g

0.00 g
0.58 g
0.58 g

Percent Extracted by:
Mechanical Forces
70.3%
Non-mechanical Forces 29.7%

61.7%
38.3%

71.5%
28.5%

53.6%
46.4%

0.0%
100.0%

0 mL

3.4 Proposed Bioreactor-Extraction System Models
The experiments detailed in this thesis uncovered some potential obstacles to
continuous extraction from the bioreactor. It was observed that any bacteria being
actively pumped through tubing showed a tendency to clump up inside of the tube. The
outlet tubing on the continuous culture experiments often clogged, requiring adjustment
to the pump settings to maintain an even flow rate. Clumping cells inside of the column
could result in reduced extraction as cells cake the membrane. During most tests of the
extraction column, volume moved out of the reservoir connected to the inner tube and
into the reservoir connected to the outer shell. Attempting to extract directly from the
reactor reservoir runs the risk of disrupting the live culture with a volume loss due to
extraction. To address these concerns, three models are proposed.
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3.4.1 Extraction from the Collection Vessel
The apparent solution to these problems is to extract from the collection vessel
instead of from the reactor itself. During continuous culture setup, the mixture in the
collection vessel was not stirred, so all the cells settled to the bottom of the container. The
remaining liquid phase above the cells was mostly translucent and contained most of the
secreted fermentation products. Inserting the tubing for the extraction column into this
liquid layer minimizes the number of cells moving through the column. In a normal
continuous culture setup, the collection vessel must be periodically emptied as its volume
increases. Balancing the volume transfer from the collection vessel to the extraction
reservoir with the influx of used media from the reactor minimizes the maintenance needs
of the collection vessel. Only the extraction solution needs to be periodically emptied and
replaced – a process that needs to occur anyway in order to collect the butanol. Any
imprecision in this flow balance presents no risk because the live culture is not directly
involved in the extraction process. The 5C set of experiments showed that a specific set
of flow rates can be met to result in a volume loss of approximately 1.0 mL/min
maintaining a constant volume in the collection reservoir. Extraction from the collection
reservoir offers a solution to many of the challenges of extraction, including
circumventing the clumping of cells and minimizing the risks of volume transfer. This
model is shown in Figure 3.15.
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Figure 3.15: Proposed Extractive Fermentation Model from the Collection Reservoir. This is a diagram of the liquid-based
membrane extraction system in conjunction with a continuous culture model. The collection vessel fluid is pumped through the inner
tube of the hollow fiber extraction column while the extraction solution is pumped through the outer shell. Note that the inner tube is
actually 10 smaller tubes but is modeled here as a single tube for simplicity.

Section 3.4.2 Extraction from the Reactor
While extraction from the collection vessel seems to solve every concern, it also
misses out on a few key benefits. As the continuous culture results show, diluting out the
butanol from the reactor in turn stimulates higher butanol production. Removing the toxic
fermentation products from the reactor allows for better cell growth. The extraction
process would add a second method of dilution for the culture without removing cells.
Extraction directly from the reactor thus has its benefits. Running the culture through the
column at a high flow rate may prevent clumping of the cells in the column. This model
does run the risk of disrupting the culture from volume loss. Balancing the efflux of
volume through the column against the influx of fresh media from the inlet reservoir
would allow a constant volume to be maintained, combatting this effect. The 5C
experiments show that a set of flow rates can be met to result in a volume loss of
approximately 1.0 mL/min. Increasing the inlet to reactor flow to 2.0 mL/min while
maintaining efflux from the reactor to the collection vessel at 1.0 mL/min should keep the
volume of the culture relatively constant. This model does not consider the butanol lost to
the collection vessel. The cells in the collection vessel do not need to be maintained,
however, so the vessel’s contents can be spun down easily to remove the cells and the
remaining supernatant treated as the extraction solution would be. This model does
require more maintenance as both the collection vessel and extraction reservoir need to
be periodically emptied, but potentially offers the advantages of higher overall butanol
production. This model is shown in Figure 3.16.
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Figure 3.16: Proposed Extractive Fermentation Model from the Reactor. This is a diagram of the liquid-based membrane extraction
system in conjunction with a continuous culture model. The Reactor fluid is pumped through the inner tube of the hollow fiber
extraction column while the extraction solution is pumped through the outer shell. Note that the inner tube is actually 10 smaller
tubes but is modeled here as a single tube for simplicity.

Section 3.4.3 Submerged Membrane Extraction from the Reactor
Extraction from the reactor offers the potential to increase overall butanol yield
but still runs the risk of disrupting the culture by volume loss. One possible solution to
this problem is to avoid using the extraction column altogether and instead place a
membrane or ceramic separating the reactor contents from the extraction solution within
the same reservoir. Submerging a semi-permeable membrane or semi-permeable ceramic
in the reactor provides a means of continuous extraction without the uncertain volume
transfer associated with the extraction column. The pressure difference across the
submerged membrane is not associated with any flow rate. Instead, gravity and osmotic
pressure would be the predominant forces at work, allowing for any observed volume
transfer to be more easily quantified. The inlet flow rate into the reactor could therefore
be adjusted easily to account for the volume loss across the membrane. Continuous
mixing of the live culture should prevent settling of cells along the membrane ensuring
that cell deposits do not interfere with fluid movement across the membrane. The
addition of a pump to cycle the extraction solution through the extraction side of the
reservoir could allow for continuous culture akin to that of the extraction column. This
model is the most uncertain of the three, since no preliminary tests of the model have
been attempted by this group. The model is shown in Figure 3.17.
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Figure 3.17: Proposed Submerged Membrane Extractive Fermentation Model from the Reactor. This is a diagram of the liquidbased membrane extraction system in conjunction with a continuous culture model. In place of the hollow fiber membrane column,
a membrane is placed directly in the reactor separating the reactor contents from the extraction solution. Note that this model relies
on a single layer of membrane separating both solutions instead of multiple hollow fiber tubes.

CHAPTER 4

CONCLUSION
A continuous culture of Clostridium pasteurianum can be used to convert crude
glycerol into butanol. Butanol production favors efficient growth as long as the butanol
levels remain below toxic levels. Using a chemostat and performing fermentations at a
steady state encourages the bacteria to grow at higher specific growth rates. Through the
dilution of butanol in the reactor and the applied need for efficient growth, the butanol
pathway is promoted by continuous culture over the production of 1,3-PDO and other
minor fermentation products. 1,3-PDO yield is at least 11% lower and the yield of other
fermentation products are collectively at least 6.7% lower in continuous culture than in
batch cultures. Butanol yield is approximately 10% higher in continuous culture than in
batch culture but does not increase with increased dilution factors. Instead, biomass
production increases at higher dilution factors while butanol yield remains between
27.59% and 28.57% of glycerol consumed. Liquid-based membrane extraction is able to
extract butanol from one reservoir and deposit it in another. Running the butanolcontaining solution through the inner tube of the hollow fiber membrane and the
extraction solution through the outer shell allows the mechanical volume transfer to aid
and improve the transfer of butanol across the membrane. The addition of vesicles to the
extraction solution does not improve the transfer of butanol across the membrane and is
not an effective addition to the reactor model. Based on the results from the continuous
culture and the extraction column, three models are proposed for a continuous bioreactor
with an extraction system. The first model uses the extraction column to extract the

butanol from the collection vessel. This model reduces the impact of volume transfer
across the membrane by avoiding any interactions with the reactor housing the live
culture, thereby eliminating the risk of disrupting the live culture. This model
circumvents the potential clogging by bacterial cells within the extraction column by
minimizing the amount of cellular biomass pumped into the column. The second model
uses the extraction column to extract directly from the reactor. This model may improve
overall butanol yield by adding a second means of diluting toxic butanol from the reactor
but runs the risk of disrupting the otherwise constant volume of the reactor. This model
results in the loss of any mass transferred into the collection vessel. The third model
employs a submerged membrane separating the reactor contents from an extraction
solution housed within the same reservoir. This model reduces the complexity of volume
transfer by eliminating the effects of flow rate associated with the extraction column.
Adjusting the inlet flow into the reactor to account for the volume loss may be simpler in
this model. While none of the models were tested in this report, results from independent
tests of the bioreactor and the extraction column indicate that these models offer an
effective solution both for continuous conversion of crude glycerol into biobutanol and
for continuous butanol extraction. Liquid-based extractive fermentation is a viable
method of converting crude glycerol into butanol.
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APPENDIX A Spectroscopy Calibrations
HPLC calibrations were carried out through analysis of a serial dilution of each
compound of interest. The characteristic peaks were identified, and a calibration curve
plotted for each compound. The slope of that curve served as a method of converting the
integration area under a given peak into the concentration in g/L through a simple
division. Calibration Data is included in Table A.1. Note that the HPLC column was
replaced during the project which had different calibration parameters.
Table A.1: Calibration of the HPLC for each Compound of Interest
Compound
Glycerol
Acetic Acid
1,3-PDO
Ethanol
Butyric Acid
Butanol

First column
Retention Time Slope
(min)
(area/g/L)
19.7
11444
22.8
6790.1
25.9
8227
31.8
4593.5
33.5
9466.1
55.5
9635.4

Second Column
Retention Time Slope
(min)
(area/g/L)
18.57
10832
21.54
6408.3
24.49
10534
30.15
5608.9
31.75
8969.7
53.28
9257

Integrations of NMR peaks were conducted using MestreNova software. The
average chemical shift and number of protons of the characteristic peak were determined
for each compound by analysis of serial dilutions of each compound. A sample spectrum
for each of the six compounds of interest are included in this appendix.
Table A.2: Unique Chemical Shift and Proton Count for Glycerol and Fermentation
Products
Compound
Glycerol
Butyric Acid
Acetic Acid
1,3-propanediol
Butanol
Ethanol

Number of Protons
1
2
3
2
2
3
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Average Chemical Shift (ppm)
3.79
2.34
2.06
1.79
1.33
1.16

Figure A.1: Sample HPLC Spectrum from a Continuous Culture Experiment. The x-axis
of the spectrum is the retention time, which is unique for each analyte. The y-axis is the
measure of the electrical signal sent from the refractive index detector to the computer in
microvolts.

Figure A.2: Sample HPLC Output Table. Each spectrum generated by HPLC has a
corresponding data table containing data for each peak. The retention time is used to
identify the compound associated with the peak. The area is divided by the slope of the
calibration curve for that analyte to determine its concentration in g/L in the sample.
68

Figure A.3: 8 g/L Butanol Standard Spectrum with DSS
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Figure A.4: 8 g/L Butyric Acid Standard Spectrum with DSS
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Figure A.5: 8 g/L Ethanol Standard Spectrum with DSS
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Figure A.6: 8 g/L Glycerol Standard Spectrum with DSS

72

Figure A.7: 8 g/L 1,3-propanediol Standard Spectrum with DSS
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Figure A.8: 8 g/L Acetic Acid Standard Spectrum with DSS
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Butanol Concentration (g/L)

6.00
5.00
4.00

3.00

NMR
HPLC

2.00
1.00
0.00
0

0.072 T1 0.072 T2

0.12 T1

0.12 T2

0.18 T1

0.18 T2

Sample

Figure A.9: Comparison of qNMR and HPLC Values for Continuous Culture Samples.
At each sample time, two 1-mL samples were taken. One was analyzed via HPLC and the
other by qNMR. The concentration of butanol was determined by each and compared
here. Sample 0 refers to samples taken after 24 hours of growth without pumps, at a
dilution factor of 0. The two sample times for each dilution factor refer to the 98%
turnover time (labelled as T1) and two hours following the 98% turnover time (labelled
as T2).
Table A.3: Comparison of HPLC and qNMR Concentration Data in g/L
Sample
0 h-1
0.072 h-1 T1
0.072 h-1 T2
0.12 h-1 T1
0.12 h-1 T2
0.18 h-1 T1
0.18 h-1 T2

HPLC
2.48
5.39
5.46
4.02
4.50
4.46
4.68

qNMR
2.42
4.42
4.64
4.11
4.07
4.04
4.36

75

Percent Difference
2.65%
22.07%
17.63%
2.28%
10.54%
10.34%
7.38%

APPENDIX B Supplemental Data
B.1 Batch Cultures
Table B.1: Fermentation Product Concentrations over Time of the First Trial of a 1Liter Batch Culture
Day
Acetic Acid
1,3-PDO
Ethanol
1
0.52
1.31
0
2
0.52
1.40
0
3
0.61
1.42
0
4
0.51
1.36
0
5
0.56
1.42
0
6
0.59
1.39
0
7
0.64
1.42
0
8
0.62
1.48
0
9
0.57
1.46
0
10
0.57
1.45
0
11
0.57
1.34
0
*Note that all concentrations are reported in g/L

Butyric Acid
2.29
2.54
2.54
2.40
2.46
2.36
2.40
2.49
2.53
2.49
2.05

Butanol
2.47
2.73
2.50
1.91
2.13
1.90
1.71
1.56
1.35
1.18
1.12

Table B.2: Fermentation Product Concentrations over Time of the 30-mL Control
Culture for Comparison to the First Trial of a 1-Liter Batch Culture
Day
Acetic Acid
1,3-PDO
Ethanol
1
0.24
1.08
0
2
0.27
1.14
0
3
0.31
1.21
0
4
0.30
1.15
0
5
0.27
0.97
0
6
0.26
0.95
0
7
0.28
0.98
0
8
0.35
1.22
0
9
0.33
1.19
0
10
0.30
1.10
0
11
0.29
1.02
0
*Note that all concentrations are reported in g/L
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Butyric Acid
1.82
1.75
1.73
1.61
1.33
1.31
1.34
1.65
1.67
1.52
1.20

Butanol
1.20
2.34
3.28
3.33
2.71
2.56
2.54
3.03
2.86
2.20
2.01

Table B.3: Fermentation Product Concentrations over Time of the Second Trial of a
1-Liter Batch Culture
Day
Acetic Acid
1,3-PDO
Ethanol
2
0.65
2.37
0.35
3
0.64
2.40
0.34
4
0.66
2.37
0.34
5
0.66
2.37
0.31
6
0.66
2.36
0.30
7
0.73
2.47
0.30
8
0.70
2.43
0.27
*Note that concentrations are reported in g/L

Butyric Acid
1.23
1.24
1.27
1.22
1.22
1.24
1.22

Butanol
5.30
5.03
4.75
4.30
4.02
3.75
3.27

Table B.4: Fermentation Product Concentrations over Time of the 30-mL Control
Culture for Comparison to the Second Trial of a 1-Liter Batch Culture
Day

Acetic Acid
1,3-PDO
Ethanol
2
0.70
1.47
3
0.71
1.50
4
0.71
1.48
5
0.57
1.22
6
0.54
1.14
7
0.57
1.19
8
0.62
1.32
*Note that concentrations are reported in g/L
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0.32
0.33
0.34
0.26
0.25
0.25
0.28

Butyric Acid Butanol
1.19
4.11
1.20
3.92
1.25
3.59
0.98
2.67
0.91
2.19
0.92
1.98
0.98
1.90

B.2 Continuous Culture
Table B.5: Average pH and OD for each Dilution Factor
0.072 h-1
4.8
1.15

Dilution Factor
pH
OD

0.12 h-1
5.0
1.02

0.18 h-1
4.8
1.02

Table B.6: Average Glycerol and Fermentation Product Concentrations of the First Continuous
Culture Test for each Dilution Factor
Dilution Factor
Glycerol (g/L)
Butanol (g/L)
1,3-PDO (g/L)
Ethanol (g/L)
Butyric acid (g/L)
Acetic acid (g/L)

0.0 h-1
19.93
2.50
0
0
0.19
0.07

0.072 h-1
16.4
2.76
1.22
2.49
0
0

0.12 h-1
13.01
2.42
1.57
2.86
0
0

0.18 h-1
15.42
2.91
1.08
2.58
0
0

Table B.7: Average Glycerol and Fermentation Product Concentrations of the Second
Continuous Culture Test for each Dilution Factor
Dilution Factor
Glycerol (g/L)
Butanol (g/L)
1,3-PDO (g/L)
Ethanol (g/L)
Butyric acid (g/L)
Acetic acid (g/L)

0.0 h-1
13.95
1.51
2.32
0
0.78
0.36

0.072 h-1
7.50
4.34
1.66
0.60
0
0

0.12 h-1
15.24
2.43
0.73
0.23
0
0

0.18 h-1
16.74
1.97
0.28
0
0
0

Table B.8: Average Glycerol and Fermentation Product Concentrations of the Third
Continuous Culture Test for each Dilution Factor
Dilution Factor
Glycerol (g/L)
Butanol (g/L)
1,3-PDO (g/L)
Ethanol (g/L)
Butyric acid (g/L)
Acetic acid (g/L)

0.0 h-1
13.06
2.42
1.51
0.41
0.47
0.27

0.072 h-1
8.38
4.64
0.91
0.60
0
0.12
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0.12 h-1
9.16
4.07
0.49
0.44
0.07
0.11

0.18 h-1
9.41
4.36
0.31
0.55
0.09
0.13

Table B.9: Average Product Yield of all Continuous Culture Tests for each Dilution Factor
Dilution Factor
Butanol
1,3-PDO
Ethanol
Butyric acid
Acetic acid
Biomass (calculated)

0.0 h-1
18.16%
18.48%
1.75%
6.05%
3.02%
52.54%

0.072 h-1
27.63%
7.93%
3.69%
0.00%
0.37%
60.37%

0.12 h-1
27.59%
5.94%
2.79%
0.22%
0.35%
63.11%

0.18 h-1
28.57%
3.05%
1.79%
0.29%
0.42%
65.87%

Table B.10: Carbon Percentage Analysis of a Single-Dilution Factor Continuous Culture
Time
0h
1h
2h
3h
4h
5h
6h
7h
8h
9h
10 h
24 h
36 h

Glycerol
55.44%
53.39%
52.27%
49.62%
56.78%
50.70%
55.93%
54.59%
49.99%
53.13%
50.01%
16.59%
18.16%

Acetic
Acid
1.21%
1.10%
1.08%
1.01%
1.09%
0.98%
0.90%
0.96%
0.88%
0.83%
0.75%
0.61%
0.32%

1,3-PDO
12.81%
11.67%
11.63%
10.63%
11.56%
10.38%
9.60%
10.34%
9.49%
9.07%
7.88%
6.86%
4.87%

Ethanol
0.00%
0.00%
0.00%
0.00%
0.11%
1.24%
1.16%
1.31%
1.33%
0.82%
1.22%
4.67%
3.26%
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Butyric
Acid
3.79%
3.08%
2.64%
2.28%
2.27%
1.93%
1.63%
1.59%
1.34%
1.05%
0.95%
1.31%
0.29%

Butanol
13.08%
14.34%
15.56%
16.01%
18.16%
17.92%
16.42%
18.82%
18.63%
17.89%
17.13%
51.51%
38.85%

Biomass
13.67%
16.43%
16.82%
20.45%
10.02%
16.86%
14.36%
12.38%
18.33%
17.21%
22.06%
18.46%
34.24%

B.3 Liposome Vesicle Batch Cultures
Table B.11: Maximum Butanol Concentration from Three Sets of Control and Vesiclecontaining Batch Cultures
Experiment
1N (no vesicles)
1V (2 g/L vesicles)
2N (no vesicles)
2V (2 g/L vesicles)
3N (no vesicles)
3V (2 g/L vesicles)

Maximum Butanol Concentration (g/L)
2.67
2.16
5.84
6.16
3.82
5.93

Table B.12: OD over Time from a Set of Three Batch Cultures Testing the Effects of
Liposomes
Day

Glycerol media

0
1
2
3
4
5

0.757
0.800
0.784
3.850
3.730
3.660

Glycerol media with 2g/L
liposomes
1.170
0.715
1.361
4.130
3.570
3.530

Media with 2g/L liposomes
and no glycerol
1.225
1.508
0.554
1.035
1.445
1.625

Table B.13: Butanol Concentrations in g/L over Time from a Set of Three Batch
Cultures Testing the Effects of Liposomes
Day

Glycerol media

Glycerol media with 2g/L Media with 2g/L liposomes
liposomes
and no glycerol
0
0
0
0
1
1.62
1.48
1.32
2
1.36
3.39
1.11
3
5.03
4.92
*
4
6.21
4.53
1.19
5
5.68
3.87
1.06
*data file of day 3 sample for culture with liposomes and no glycerol was corrupted
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